The stellar initial mass function (IMF) describes the mass distribution of stars at the time of their formation and is of fundamental importance for many areas of astrophysics. The IMF is reasonably well constrained in the disk of the Milky Way 1 but we have very little direct information on the form of the IMF in other galaxies and at earlier cosmic epochs. Here we report observations of the Na I doublet 2,3 and the Wing-Ford molecular FeH band 4, 5 in the spectra of elliptical galaxies. These lines are strong in stars with masses less than 0.3M [ (where M [ is the mass of the Sun) and are weak or absent in all other types of stars [5] [6] [7] . We unambiguously detect both signatures, consistent with previous studies 8 that were based on data of lower signal-to-noise ratio. The direct detection of the light of low-mass stars implies that they are very abundant in elliptical galaxies, making up over 80% of the total number of stars and contributing more than 60% of the total stellar mass. We infer that the IMF in massive star-forming galaxies in the early Universe produced many more low-mass stars than the IMF in the Milky Way disk, and was probably slightly steeper than the Salpeter form 9 in the mass range 0.
The stellar initial mass function (IMF) describes the mass distribution of stars at the time of their formation and is of fundamental importance for many areas of astrophysics. The IMF is reasonably well constrained in the disk of the Milky Way 1 but we have very little direct information on the form of the IMF in other galaxies and at earlier cosmic epochs. Here we report observations of the Na I doublet 2, 3 and the Wing-Ford molecular FeH band 4, 5 in the spectra of elliptical galaxies. These lines are strong in stars with masses less than 0.3M [ (where M [ is the mass of the Sun) and are weak or absent in all other types of stars [5] [6] [7] . We unambiguously detect both signatures, consistent with previous studies 8 that were based on data of lower signal-to-noise ratio. The direct detection of the light of low-mass stars implies that they are very abundant in elliptical galaxies, making up over 80% of the total number of stars and contributing more than 60% of the total stellar mass. We infer that the IMF in massive star-forming galaxies in the early Universe produced many more low-mass stars than the IMF in the Milky Way disk, and was probably slightly steeper than the Salpeter form 9 in the mass range 0.
We obtained spectra of eight of the most luminous and massive galaxies in the nearby Universe: four of the brightest early-type galaxies in the Virgo cluster and four in the Coma cluster. The galaxies were selected to have velocity dispersions s . 250 km s
21
, and were observed with the Low-Resolution Imaging Spectrometer 10 (LRIS) on the Keck I telescope. In 2009 the red arm of LRIS was outfitted with fully depleted charge-coupled devices (CCDs), which have excellent sensitivity out to wavelengths of l . 9,000 Å and almost no fringing. The individual spectra of the four galaxies in each of the two clusters were de-redshifted, averaged and binned to a resolution of 8 Å .
In Fig. lb and c we show the spectral region near the l 5 8,183, l 5 8,195 Na I doublet for the Virgo and Coma galaxies. The doublet appears as a single absorption feature due to Doppler broadening. In Fig. le and f we show the region around the l 5 9,916 Wing-Ford band for the Virgo galaxies. This region could not be observed with sufficient signal in Coma because it is redshifted to 1.015 mm. The spectra are of very high quality. The median 1s scatter of the four galaxies around the average spectrum is only about 0.3% per spectral bin. The median absolute difference between the Virgo and Coma spectra is 0.4% per spectral bin.
Both the Na I doublet and the Wing-Ford band are unambiguously detected. The central wavelength of the observed Na I line coincides with the weighted average wavelength of the doublet and the observed Wing-Ford band has the characteristic asymmetric profile reflecting the A The Na I index is 0.058 6 0.006 mag in the Virgo galaxies and 0.057 6 0.007 mag in Coma. The Wing-Ford index in Virgo galaxies is 0.027 6 0.005. The uncertainties are determined from the scatter among the individual galaxies. We note that any residual systematic problems with the detector or atmosphere are incorporated in this scatter, as the features were originally redshifted to a different observed wavelength range for each of the galaxies.
The immediate implication is that stars with masses less than 0.3M [ are present in substantial numbers in the central regions of elliptical galaxies. Such low-mass stars are impossible to detect individually in external galaxies, because they are too faint: Barnard's star would have a K-band magnitude of 39 at the distance of the Virgo cluster. This in turn implies that there was a channel for forming low-mass stars in the progenitors of luminous early-type galaxies in clusters. These starforming progenitors are thought to be relatively compact galaxies at z 5 2 -5 with star-formation rates of tens or hundreds of solar masses per year. Some studies have suggested truncated IMFs for such galaxies 11 , with a cut-off below 1M [ . Such dwarfless IMFs are effectively ruled out by the detection of the Na I lines and the Wing-Ford band.
We turn to stellar population synthesis models to quantify the number of low-mass stars in elliptical galaxies. As discussed in detail in the Supplementary Information, we use a flexible stellar population synthesis code 12 combined with an extensive empirical library of stellar near-infrared spectra 13 . In Fig. 1 we show synthetic spectra in both spectral regions for different choices of the IMF 1, 9, 14 , including IMFs that are steeper than the Salpeter form. Away from the Na I doublet and the Wing-Ford band all models fit very well, with differences between data and the best-fitting model of less than 0.5% over the entire spectral range. Predicted Na I and Wing-Ford line indices are compared to the observed values in Fig. 2 . The data prefer IMFs with substantial dwarf populations. The best fits are obtained for a logarithmic IMF slope of x < 23, a more dwarf-rich ('bottom-heavy') IMF than even the Salpeter form, which has x 5 22.35. A Kroupa IMF (which is appropriate for the Milky Way) is inconsistent with the Wing-Ford data at .2s and inconsistent with the Na I data at .4s, as are IMFs with even more suppressed dwarf populations [14] [15] [16] . We note that the x 5 23 IMF also provides a much better fit to the region around 0.845 mm than any of the other forms. Taking the Salpeter IMF as a limiting case, we find that stars with masses of 0.1M [ to 0.3M [ make up at least 80% of the total number of living stars in elliptical galaxies, and contribute at least 60% of the total stellar mass.
Although the formal uncertainty in the derived IMF slope is small we stress that some unknown systematic effect could be present in the stellar population synthesis modelling. In particular, weak features in the spectra of giant stars in elliptical galaxies may be incorrectly represented by the Milky Way giants that we use. It may also be that the Na abundance of low-mass stars in elliptical galaxies is different from that of low-mass stars in the Milky Way. The fact that all models fit the spectra of both the Virgo and Coma galaxies extremely well outside of the IMF-sensitive regions gives some confidence in our approach; as we show in the Supplementary Information, the quality of the fit constrains possible contamination of spectral features such as TiO lines.
Besides model uncertainties, the interpretation may be complicated by the fact that we are constraining the IMF some ten billion years after the stars were formed. It is now generally thought that elliptical galaxies have undergone several (or many) mergers with other galaxies after their initial collapse 17 , which may imply that the stellar population is : a K0 giant, which dominates the light of old stellar populations; an M6 dwarf, the (small) contribution of which to the integrated light is sensitive to the form of the IMF at low masses; and an M3 giant, which has potentially contaminating TiO spectral features in this wavelength range. b, Averaged Keck/LRIS spectra of NGC 4261, NGC 4374, NGC 4472 and NGC 4649 in the Virgo cluster (black line) and NGC 4840, NGC 4926, IC 3976 and NGC 4889 in the Coma cluster (grey line). Four exposures of 180 s were obtained for each galaxy. The one-dimensional spectra were extracted from the reduced two-dimensional data by summing the central 40, which corresponds to about 0.4 kpc at the distance of Virgo and about 1.8 kpc at the distance of Coma. We found little or no dependence of the results on the choice of aperture.
Coloured lines show stellar population synthesis models for a dwarf-deficient 'bottom-light' IMF 14 , a dwarf-rich 'bottom-heavy' IMF with x 5 23, and an even more dwarf-rich IMF. The models are for an age of 10 Gyr and were smoothed to the average velocity dispersion of the galaxies. The x 5 23 IMF fits the spectrum remarkably well. c, Spectra and models around the dwarfsensitive Na I doublet. A Kroupa IMF, which is appropriate for the Milky Way, does not produce a sufficient number of low-mass stars to explain the strength of the absorption. An IMF steeper than Salpeter appears to be needed. d-f, Spectra and models near the l 5 9,916 Wing-Ford band. The observed Wing-Ford band also favours an IMF that is more abundant in low-mass stars than the Salpeter IMF. All spectra and models were normalized by fitting loworder polynomials (excluding the feature of interest). The polynomials were quadratic in a, b, d and e and linear in c and f. LETTER RESEARCH more complex than our single-age, single-metallicity model. On the other hand, these accretion events probably mostly add stars at large radii 18 and may not have affected the core regions very much. It will be interesting to search for gradients in dwarf-sensitive features with more extensive data 19 . Our results are consistent with previous studies of the near-infrared spectra of elliptical galaxies 8, 20, 21 . They are also consistent with recent dynamical and lensing constraints on the IMF in elliptical galaxies with large velocity dispersions 22 and directly identify the stars that are responsible for their high masses: the dynamical data cannot distinguish dwarf-rich IMFs from dwarf-deficient IMFs because the latter have a large amount of mass in stellar remnants 14 . A steep IMF for elliptical galaxies is also qualitatively consistent with the apparently higher number of low-mass stars in the Milky Way bulge than in the disk 23 . Our best-fitting IMF does not appear to be consistent with the observed colour and M/L evolution of massive cluster galaxies 14 , which suggest an IMF with a slope x < 21 around 1M [ . Interpreting the evolution of the colours and luminosities of elliptical galaxies relies on the assumption that these galaxies evolve in a self-similar way, which may not be valid 18, 24 . It could also be that the form of the IMF is more complex than a power law.
Our results also seem inconsistent with theoretical arguments for dwarf-deficient IMFs at high redshift, which have centred on the idea that the characteristic mass of stars scales with the Jeans mass in molecular clouds 25, 26 . The Jeans mass has a strong temperature dependence and it has been argued that relatively high ambient temperatures in high-redshift star-forming galaxies may have set a lower boundary to the characteristic mass in the progenitors of elliptical galaxies 14, 25 . However, the Jeans mass also scales with density, and the gas densities in the star-forming progenitors of the cores of elliptical galaxies were almost certainly significantly higher than typical densities of star-forming regions in the Milky Way. Numerical simulations suggest that the formation of low-mass stars becomes inevitable if sufficiently high densities are reached on sub-parsec scales 27 . Furthermore, recent semi-analytic models of the thermal evolution of gas clouds have emphasized the effects of dust-induced cooling 28 , which is relatively insensitive to the ambient temperature and particularly effective at high densities. Timescale arguments suggest that the physical conditions expected in starburst galaxies at high redshift might even enhance low-mass star formation, rather than suppress it 29 . Taken at face value, our results imply that the form of the IMF is not universal but depends on the prevailing physical conditions: Kroupalike in quiet, star-forming disks and dwarf-rich in the progenitors of massive elliptical galaxies. This informs models of star formation and has important implications for the interpretation of observations of galaxies in the early Universe. The stellar masses and star-formation rates of distant galaxies are usually estimated from their luminosities, assuming some form of the IMF 30 . Our results suggest that a different form should be used for different galaxies, greatly complicating the analysis. The bottom-heavy IMF advocated here may also require a relatively low fraction of dark matter within the central regions of nearby massive galaxies 22 .
